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Abstract 
 
 Spray technology is widely used in industrial applications such as internal combustion engines. The 
atomization characteristics must be suitable for each specific application. For example, in automobile 
spray painting, a Sauter mean diameter of 20–40 ?m is thought to be appropriate. However, there have 
been several problems in automobile painting technology. For example, the transfer efficiency of spray 
paint is at most 60–70% and decreases to 50% for complicated parts. The paint that does not adhere to 
the body must be disposed of without being reused, which increases the production cost. In addition, in 
the automobile painting process, approximately 40% of the total energy consumed by the automobile 
factory is used for the baking oven and air conditioning of the painting booth. Therefore, the realization 
of efficient painting technology is also necessary from the standpoint of energy savings and resource 
conservation. Thus, elucidation of the spray painting process is an important problem. 
 Recently, the rotary bell cup has been widely used in automobile painting and can be applied to 
high-viscosity fluids to produce relatively uniform spray droplets. The rotary bell cup can spray a large 
surface area per unit time, enables high productivity, and produces a very high-quality appearance. 
Atomization by rotary bells has thus been investigated extensively. However, the effect of the shape of 
the rotary bell cup and the flow inside the rotary bell cup on the atomization characteristics has not been 
sufficiently investigated. In the present study, we focus primarily on the effect of liquid flow on the 
inner cup-shaped surface on atomization. In addition, we estimate the atomization characteristics based 
on the diameter of the liquid ligaments issuing from the cup edge. 
 This dissertation is organized as follows. 
 Chapter 1 introduces the problem to be considered.  
 Chapter 2 describes the experimental setup, the rotary bell cup used in the experiment, and the method 
used to measure the liquid film thickness on the rotary bell cup. 
 In Chapter 3, the investigation of the liquid flow pattern on the cup surface under different operating 
conditions (primarily for high-viscosity liquids) and the effects of these flow patterns on the breakup 
pattern at the cup edge are described. The results show that the presence of grooves at the cup edge 
induces the division of the liquid film on the cup surface without the occurrence of film breakup, thus 
forming large regions that experience fine-ligament breakup. This yields a breakup pattern at the bell 
cup that differs from the breakup patterns of conventional rotating flat disks. Observation and 
classification of the flow patterns on the cup surface revealed that, in the case of radial streak and partial 
dry film formation, the flow rate into the grooves was uniform and the breakup pattern from the cup 
edge was that of fine-ligament breakup, which enables good atomization. The variations in the ligament 
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diameter with the different liquid flow rates are suppressed by the grooves in the cup edge and by the 
constraint on the ligaments generated by the groove width. Consequently, no large effects were observed 
when the liquid flow rate was varied. 
 In Chapter 4, the characteristics of the liquid film of the cup surface, which is a preliminary process in 
an atomization by rotary bell cup, are described. Measurement of the liquid film thickness on a flat disk 
by the contact needle method yielded values close to the theoretical values, indicating that the liquid 
film on the surface was smooth with uniform thickness in both the circumferential and radial directions. 
This also indicates that ligaments that form at the cup edge should be uniform with little variation in 
diameter. Measurement of the ligament diameter confirmed that the liquid flow ports tend to induce a 
non-uniform spread of the liquid film over the bell cup surface, in the film thickness profile in the 
circumferential direction. In contrast, the measured values of the radial liquid film velocity become 
smaller than the calculated values. This may result, for example, from slippage between the liquid film 
and the rotary bell cup surface in the circumferential direction or from a force in the direction opposite 
to the rotation that acts on the liquid film, which flows radially due to the Coriolis force. 
 In Chapter 5, the atomization of the rotary bell cup, which describes the relationship between the 
liquid ligament diameter and the Sauter mean diameter, is discussed. The ligament diameter was 
confirmed to be constrained by grooves in the cup edge, and uniform droplets with a narrow droplet size 
distribution were confirmed to form at high rotational speeds. The Rayleigh breakup of individual 
ligaments demonstrates that it is possible to effectively estimate the mean droplet size by performing 
calculations using the ligament diameter. Other than the depth and width of the groove, the distance 
from the groove tip to the rotary bell cup edge affects the ligament diameter and drop size. Ligaments 
form at all of the edge grooves and undergo Rayleigh breakup, giving rise to a narrow droplet size 
distribution. Under these conditions, provided that breakup occurs in the fine-ligament breakup region, 
similar results will presumably be obtained for a high-viscosity liquid. 
 Chapter 6 presents the conclusion and summarizes the results of the present study. The 
main findings are as follows: 
(1) Observation of the breakup patterns at the cup edge revealed that ligaments form at 
each groove in the cup edge without diameter variation at high rotational speeds and yield 
uniformly fine droplets by fine ligament breakup. 
(2) The presence of grooves at the cup edge induces the division of the liquid film on the cup surface 
without the occurrence of film breakup, thus forming large regions and leading to fine-ligament breakup. 
This demonstrates a breakup pattern in the bell cup that differed from the breakup pattern characteristics 
of conventional rotating flat disks. 
(3) Observation and classification of the flow characteristics on the cup surface revealed that, in the 
case of radial streak film and partial dry film formation, the flow rate into the grooves was uniform, and 
the breakup pattern from the cup edge was that of fine-ligament breakup, which enables good 
atomization. 
(4) Measurement by the contact needle method of the liquid film thickness on a rotating disk yielded 
values close to the theoretical values, indicating that the liquid film on the surface was smooth with 
? ??? ?
???????????????????????
uniform thickness in both the circumferential and radial directions. This also shows that ligaments that 
formed at the cup edge should be uniform and have little variation in diameter. 
(5) Measurement of the ligament diameter confirmed that the liquid flow ports tend to impart a 
non-uniform spread of the liquid film over the bell cup surface for the film thickness profile in the 
circumferential direction. 
(6) Changes in the ligament diameter at different liquid flow rates are suppressed by the 
grooves in the cup edge and by the constraint exerted on the ligaments by the groove width. 
Thus, no significant effects were observed when the liquid flow rate was varied. 
(7) The Rayleigh breakup pattern of individual ligaments demonstrates that it is possible to effectively 
estimate the mean droplet size by calculation using the ligament diameter. 
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